Summary Salvia przewalskii Maxim., which possesses high content of lipid-soluble tanshinones in roots, is a valuable medicinal plant in China. Its detailed meiotic analysis from pollen mother cells (PMCs) to tetrad was carried out for the first time. Most of the PMCs showed a regular meiotic behavior and regular chromosome segregation. Sixteen bivalents were observed in most PMCs at metaphase I, indicating that S. przewalskii was a species with chromosome number of 2n=32. However, a high-frequency of cytomixis, and transferring of chromatin or chromosome materials between adjacent pollen mother cells through cytomictic channels, were observed in PMCs at early prophase I, but rather rarely in meiosis II. Other meiotic abnormalities such as chromatin bridges, laggards, and micronucleus at low frequency were also detected in few PMCs at meiosis I and II.
ited to chromosome number and karyotype analysis, and basic information about the meiotic behavior of this species is unavailable. Meiosis is a key phase in the life cycle of all higher plants. The current paper includes detailed observations on meiotic behavior and chromosome segregation of S. przewalskii, which further our knowledge about embryology, reproductive biology, as well as benefit for genetic improvement and the utilization of such knowledge. In addition, we also observed cytomixis phenomena, which occurred during meiotic process in PMCs of S. przewalskii for the first time.
Materials and methods

Plant material
S. przewalskii for cytological analysis here were introduced from Kunming Botanical Garden, and cultivated in a well-drained sandy loam soil, with periodic organic manuring under uniform cultivation conditions in the experimental farm, Shandong Agricultural University, China.
Cytological study
For meiotic studies, anthers in appropriate stages from young flower buds were fixed in freshly prepared Carnoy s solution (ethanol : acetic acid=3 : 1) for 24 h. The materials were then rinsed in distilled water before being transferred to 70% alcohol, after which they were stored at 4 C until required. The fixed anthers were macerated in 1 mol L 1 hydrochloric acid at 60 C for 6-8 min. After that, stain with Carbol fuchsin and squash preparations were used for the observation of microsporogenesis as well as figuring up the rate of cytomixis by light microscope. Photographs were captured using Nikon ECLIPSE Ni and Olympus BX60 microscope with an automatic camera.
Results
Meiotic study of S. przewalskii
Meiotic stages from leptotene to microspores formation of S. przewalskii were carefully studied. Chromatin fiber, which stained deeply, was observed in PMCs at the leptotene (Fig. 1a) and zygotene ( Fig. 1b) I-shapes was observed at diakinesis (Fig. 1e) , and then aligned at the equatorial plate at metaphase I (Fig. 1f) . Sixteen bivalents dispersed uniformly in most observed PMCs (Fig. 1g) , thus confirming that S. przewalskii was a species with chromosome number of 2n=32. Univalent or tetravalents were observed in very few PMCs. At the stage of anaphase I (Fig. 1h ), 16 pairs of homologous chromosomes segregated and moved to the opposite cell poles, while the sister chromatids remained together. Chromosomes, which separately transferred to cell poles started to unwind, and then transformed into chromatins at telophase I (Fig. 1i ). Chromatins presented a state of pyknosis and further two new nuclei formed at the two cell poles. Compact chromosomes arranged at the equator of the spindle (Fig. 1j) , and then two perpendicular equatorial plates were formed at metaphase II (Fig. 1k ). During anaphase II (Fig. 1l) , the sister chromatids of every chromosome separated and moved respectively toward opposite cell poles. The meiotic orientation of two daughter nuclei was vertical at the moment (Fig.  1m) . Furthermore, four groups of chromosomes were observed and the cell transformed into a tetrad in the form of a regular tetrahedron or decussation through cytokinesis (Fig. 1n) . Subsequently, the callose decayed centripetally and released four immature microspores. Microspores would go through the first and second mitotic divisions, and further develop into mature male gametophytes (Fig. 1o) in the end.
Cytomixis in PMCs of S. przewalskii
In some PMCs of S. przewalskii, a high frequency of cytomixis, and transferring of chromatin or chromosome materials between adjacent pollen mother cells through cytomictic channels, was observed (Table 1 , Fig. 2 ). This phenomenon widely occurred in early meiosis I incluing zygonema (Fig. 2a) , pachytene ( Fig. 2b) , diplonema, diakinesis ( Fig. 2c ), metaphase I (Fig. 2d ), anaphase I (Fig.  2e) , and telophase I (Fig. 2f ), but very low in the later meiotic stages. The frequency of PMCs involving chromatin transfer was the highest at zygonema (36.94%), followed by the pachytene stage (25.69%). In addition to this, the percentage of pollen mother cells was also higher during diakinesis (20.52%) and metaphase I (13.33%). Cytomixis involving chromatin migration also occurred in anaphase I (2.173%) and telophase I (4.17%), but the frequency significantly reduced then. Besides, almost no chromatin transfer was observed during meiosis II. The migration of chromatin or chromosome among meiocytes is directionless and random. The chromatin or chromosome material can synchronously transfer from one to another or more contiguous pollen mother cells through the cytoplasmic channel (Fig. 3a-c) . We also noticed the chromatin or chromosome materials from multiple meiocytes can concurrently transfer to the same cell (Fig. 3d, e) . In some cases one PMC would also be the donor and receptor at the same time (Fig. 3f) . Moreover, the frequency of cytomixis involving transfer of partial chromatin materials from one PMC was higher than the whole chromatin transfer.
Moreover, abnormal meiotic behavior such as chromatin bridges (Fig. 4a-d) , micronucleus (Fig. 4e, f) , and lagging chromosome (Fig. 4g-i) have been seen at the stage of anaphase and telophase both in meiosis I and II. However, compared with rate of cytomixis in S. przewalskii, the percentage of chromosomal irregularities was rather low. Furthermore, we have also observed fertility of mature microspores. Almost all of those pollen grains can be successfully dyed red by Carbol fuchsin (Fig. 5a,   b) , and the sizes of pollen grains were similar, which indicated that those pollen grains were fertile and have a function in pollination. 
Discussion
Observation and analysis of meiotic process is conductive to study the morphologic and genomic variety within a species (Song and Li 2009) . In this paper, we studied the behavior of chromosomes and cells in meiosis division of S. przewalskii, and the results revealed that it was a tetraploid species with the chromosomes number of 2n=4x=32 (as the basic chromosome number of the species of Salvia is eight), which was in conformity with a previous report (Yang et al. 2004 ). Meiotic observations indicated the presence of 16 bivalents at metaphase I in most PMCs, and multivalents and univalents only appeared with rather low frequency. At the stage of anaphase I and II, equal distribution of chromosomes to every pole has also been observed in the majority of PMCs. Thus, we just have a preliminary deduction that S. przewalskii is probably allotetraploid. This deduction will require further experiments to be validated.
Cytomixis, which was discovered by Kornicke (1901) for the first time during microsporogenesis of Crocus sativus and named by Gates (1911) , is an important and unique cytological phenomenon during the meiotic process. After that, the phenomenon was reported in a large number of plant species, and defined as the process of migration of chromatin or chromosomes from one PMC to adjacent PMCs through cytoplasmic connection channels or intercellular bridges (Omara 1976 , Guan et al. 2012 , Kravets 2013 , Kumar and Naseem 2013 , Mandal et al. 2013 , Mursalimov and Deineko 2015 . Specifically and mainly, it was reported in hybrids, aneuploids, mutants, polyploids, and apomictic individuals (Reis et al. 2016) . However, the viewpoints whether this behavior is spontaneous and natural are conflicting at this time, and the cause of cytomixis is still unknown. Nonetheless, most researchers recently are inclined to believe that cytomixis might lead to the changes in karyotype and reduce pollen fertility and viability, thereby affecting species evolution (Kumar and Srivastava 2013 , Mursalimov et al. 2013 , Kumar et al. 2014 .
In the present study, cytomixis was also observed in PMCs of S. przewalskii. The frequency of cytomixis (chromatins or chromosomes transfer) was fairly high during the early stages of meiotic division I, especially in prophase I. The maximum rate of cytomixis was observed at the zygonema stage (36.94%), followed by the pachytene stage (25.69%). We also observed intercellular chromatin bridges among adjacent pollen mother cells at the period of anaphase I and telophase I, but the frequency of cytomixis significantly decreased. Afterwards, it was hardly observed at meiosis II. The phenomenon was in accordance with previous reports about other Salvia plant species (Song and Li 2009 ). The occurrence stage and frequency of cytomixis showed little difference between observed individual plants, as well at different sample times. Therefore, cytomixis seems to be a natural phenomenon controlled by genetic factors and also affected by environmental factors (Kaur and Singhal 2014) .
Along with cytomixis, a series of meiotic abnormalities such as chromatin bridges, micronuclei, and lagging chromosome also were observed at anaphase and telophase, but the rates were relatively low. A majority of researchers assume that cytomixis possibly result in associated chromosomal irregularities like outlined above, thereby generating abnormal gametes or infertile pollen, ultimately influencing genetic stability (Mandal et al. 2013 , Mursalimov et al. 2013 , Kumar et al. 2014 . Based on the elementary test of pollen viability, we have a primary hypothesis that cytomixis has no apparent consequence on pollen fertility. Despite all this, whether cytomixis in S. przewalskii directly leads to these abnormal chromosomal behaviors still needs to be further elucidated.
In conclusion, we have conducted a series of cytological investigations including the whole process of meiotic division and observed some abnormal chromosomal behaviors in S. przewalskii. The research can provide an evidence for embryology, reproductive biology, as well as genetic improvement and the utilization of this species.
